A distributed data and simulation system for forested watersheds was used to investigate the potential changes in watershed hydrological and ecological processes under hypothesized climate change scenarios. RHESSys (Regional HydroEcological Simulation System) incorporates a spatial representation of nested catchment and lake systems in a GIS, along with a set of process submodels to compute local flux and storage of energy, water, carbon, and nutrients. A hierarchy of potential climate change shifts in weather, forest canopy physiological processes, and forest cover were used to operate RHESSys for comparison with control simulations for present-day conditions. Use of projected temperature and precipitation changes alone led to qualitatively different forecasts of watershed climate change impact when compared to simulations that also incorporated adjustment of canopy physiology to elevated concentrations of atmospheric CO*. In addition, ecosystem processes may be more resilient to climate change due to the existence of a series of offsetting effects. Annual net effects on specific processes such as watershed outflow and forest productivity may qualitatively vary from year to year rather than showing consistent increases or decreases relative to current conditions. The model results illustrate the significance of incorporating a reasonable description of terrestrial ecosystem processes within the contributing watershed when assessing the impact of climate change.
In this paper we present a framework for investigating a range of potential climate change impacts on watershed ecosystems using a spatially distributed watershed simulation model. We are specifically interested in disaggregating the effects of temperature and precipitation change, increased atmospheric CO2 concentrations, and changes in forest cover on hydrological and ecosystem processes. The spatial framework of the simulations are based on a formal watershed geomorphology model that resolves different landforms (e.g. hillslopes, stream reaches, bottomland) in the catchment and catenary sequences along hillslopes. Process submodels compute the flux of water, carbon, and nutrients through the canopy, soil, and drainage system as a direct response to daily meteorological data, which can be used to assess the impacts of climate change. The computing system requires a spatial representation of the landscape topography and composition so that the component set of nested lakes, wetlands, subwatersheds, and hillslopes can be represented. In this manner, runoff, nutrients, and sediment mobilized from the hillslope terrestrial systems can be directly routed into and through the stream channels and receiving water bodies.
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John Nicolson, Ian Morrison, and Neil Foster generously shared data and information on the Turkey Lakes watershed. hydrological investigations, forest productivity, and largescale water and carbon budgets for terrestrial ecosystems Band 1993 Band et al. 1991 Band et al. , 1993 . Running and Nemani (199 1) used an earlier version of RHESSys to simulate impacts of climate change scenarios at the stand level for 1 yr at locations in western Montana and Florida. We extend these simulations with a fully distributed hydroecological model applied to a topographically complex catchment in the Turkey Lakes Watershed of central Ontario for a period of variable weather conditions in the 1980s. We developed methods of automatically extracting and representing the spatial arrangement of specific landforms comprising the watershed with digital terrain models. This spatial framework, incorporating the development of a watershed GIS (Geographic Information System), is presented first, followed by a description of the terrestrial hydrological and ecological process submodels that were integrated to compute the flux and storage of carbon and water through the watershed. A set of numerical experiments tests the sensitivity of catchment response to a hierarchy of potential biophysical changes reflecting hypothesized climate change scenarios for an atmospheric CO, concentration doubling (compared to present).
Study area
The Turkey Lakes Watershed (TLW) is an experimental watershed in the Algoma Highlands of central Ontario (Fig. 1) . The TLW covers a 10.5 km2 area (Jeffries et al. 1988) and contains a headwater chain of five lakes that drains into the Batchawana River and, ultimately, Batchawana Bay on Lake Superior (Fig. 2) . The topography 928 is controlled by the bedrock with 400 m of relief from its outlet (244 m asl) to the predominant summit of Batchawana Mountain (644 m asl). The basaltic bedrock is overlain by a thin, discontinuous silty to sandy till with variable depth, generally shallow (~0.5 m) on ridges and upper slopes and increasing in depth (>2 m) downslope (Nicolson 1988) . The dominant soils that have developed in the basaltic-granitic overburden are Orthic Ferro-Humic and Humo-Ferric Podzolics (Cowell and Wickware unpubl.). The TLW is completely covered by an unevenaged mature forest composed of 90% sugar maple (Acer saccharum Marsh), 8% yellow birch (Betula alleghaniensis Britton), and l-2% of scattered stems of minor species [including red maple Acer Rubrum L., ironweed Ostrya virginiana (Mill.) K. Koch, and white spruce Picea glauca (Moench) Voss.]. The area has a continental climate with strong lake influences. Temperature and precipitation time series for 1982-1984 are shown in Fig. 3 . Leaf-out is generally in late May and leaf-fall occurs from late September to early October (Morrison 1991) . Evidence of significant water limitations on ecosystem processes have been inferred on the basis of tree ring chronology only in very dry summers following low snowpacks (Foster et al. 1992) .
The Turkey Lakes catchments typically experience two Fig. 3 . Daily meteorological data for Turkey Lakes aggregated to weekly averages for 198 2-1984: a-weekly mean daily minimum and maximum temperatures; b-weekly total precipitation; c-daily temperature adjustments for Clim change scenario; d-weekly total precipitation adjustments for Clim change scenario. Year-days are from 1 January 1982. seasonal hydrograph rises: first, from snowmelt in late winter and early spring; second, in autumn as precipitation increases and evapotranspiration decreases, but before freezeup. For this study, a 66-ha gauged subwatershed (catchment 34, Fig. 4 ) was selected to illustrate the simulation and watershed system response to potential climate change.
Description of RHESSys
RHESSys has been described elsewhere (Band et al. 1993; Nemani et al. 1993b ). Here we describe recent innovations in the GIS analysis and representation of the landscape and the process modules. RHESSys is an integrated data and simulation package designed with a modular approach so that different landscape structures with different dominant biophysical processes can be accommodated. Figure 5 shows the basic structure of RHESSys, incorporating GIS data-processing modules to transform a range of spatial image and map data into a landscape (landform) description, and a set of process submodels to compute energy, water, carbon, and nutrient flux through a nested watershed system. A range of biophysical state and flux variables predicted by the model are either directly useful or can be used to diagnose both the temporal and spatial accuracy of computations. An intelligent graphical user interface is used to access and process information about watershed features and to operate the simulation modules (Mackay et al. 1994 ).
First, we adapt a spatial model of a watershed as a hierarchy of nested subcatchments connected by a drainage network. The drainage network is composed of stream links, the unbranched reaches of stream channels between junctions or a junction and a source. The drainage network can also contain wetlands and open-water bodies that may have multiple inlet streams but typically one outlet stream. The terrestrial portion of the subcatchments can be partitioned into a set of areas contributing drainage into each side of a stream link, the source area of a first-order tributary, or an unbroken reach of shoreline (without a defined tributary stream). Figure 4 shows this watershed description for catchment 34. This structure can be automatically extracted from a grid digital elevation model (DEM) and remotely sensed data following Mackay and Band (unpubl.) . Briefly, lakes and wetlands are first identified as flat contiguous regions of the DEM. The full drainage network and associated hillslopes (including hillslopes draining into the flat areas) are then identified with an algorithm modified from Band (1989) and Lammers and Band (1990) . The flat bottomland areas are determined to be open water or vegetated using spectral remote sensing information.
Each identified contiguous region is labeled as a separate feature that can be explicitly incorporated into the drainage system. Using GIS overlay and processing, we retrieve all pertinent variables and store them with each land unit. Each stream link has information on length, slope, and any available channel geometry information. Each hillslopc has incorporated information on size, aspect, slope, vegetation cover, and soil properties. A relative wetness index is computed as a composite topographic-soils parameter for each grid cell, given by ln(aT,l Ttanp) where a is the upslope drainage area, p is the slope, T is the soil transmissivity, and T, is an areally averaged transmissivity (Beven and Kirkby 1979; Sivapalan et al. 1987) . The use of this wetness index is described below. Canopy leaf area index (LAI) is determined by calibrating thematic mapper data with field-measured LAI, following the methods of Nemani et al. (1993a) . As a rule, all information stored at this stage as a result of GIS operations refers to the static structure and cover of the land and water features, derived from the DEM, spectral remote sensing data, or other spatial data inputs.
Process submodels
A user of the GIS database may request dynamic information that is not stored as part of the static information from the initial GIS processing. This may include runoff hydrographs, forest productivity, or nutrient dynamics. In this case, a set of process submodels are automatically parameterized and run for the watershed feature(s) (e.g. hillslope, catchment) about which the user has queried. RHESSys includes modules that extrapolate a base station meteorological data set around a complex landscape to adjust for varying elevation, slope, and aspect. The adjusted meteorological time series is then input into a coupled canopy-hydrology process model that computes interception, evaporation, transpiration, photosynthesis, respiration, runoff production, and lateral redistribution of soil water along topographic gradients.
Canopy submodel-The canopy submodel computes the processes of precipitation interception and infiltration, soil-water root uptake, evaporation, transpiration, photosynthesis, and respiration. The model operates at a daily time step because higher resolution meteorological data are generally not available at most sites; longer time steps (e.g. monthly) do not adequately capture hydrological or ecological response to meteorological events. If
Regional Hydro-Ecological Simulation System radiation data are available they are directly incorporated as part of the base station data set. In most cases where radiation data are not measured, they are estimated with methods adapted from Bristow and Campbell (1984) . Average daily absorbed radiation (Qabs) is computed as an exponential function of LA1 and incident radiation:
Qinc is the incident solar radiation, a the canopy albedo, and b an extinction coefficient. An average canopy conductance is estimated on the basis of canopy LAI, incident radiation, air temperature, and vapor pressure deficit and leaf-water potential. The leaf-water potential is modeled as a function of the soil-water potential in the root zone. Transpiration (2) is estimated with the Penman-Monteith equation (Monteith 1965): R, is the net radiation, A the slope of the saturation vapor pressure-temperature curve, pa the density of the air, p,,, the density of water, X the latent heat of vaporization, cp the air heat capacity, y the psychrometric constant, VPD the vapor pressure deficit, g, the aerodynamic conductance, and g, the canopy conductance.
Canopy gross photosynthesis uses the approach of Lohammer et al. (1980) :
gc + grill . , AC02 is the CO, diffusion gradient from leaf to air, c a C02/H20 diffusion correction, and g, the mesophyll conductance. Maintenance respiration is computed as a function of respiring biomass and temperature. More details of the process computations are given by Running and Coughlan (1988) and Band et al. (1993) . Flux processes are considered only as one-dimensional (vertical) in the canopy submodel, with no lateral flux.
Incorporating distributed hydrology and surface heterogeneity-To account for landscape variability of canopy, soil, and topographic features that are significant to canopy processes and to simulate lateral transfer of soil water and runoff, the canopy submodel is coupled with an approach to redistribute soil water and compute runoff production over the landscape following TOPMODEL (Beven and Kirkby 1979; Band et al. 1993) . TOPMODEL represents soil water with saturated and unsaturated storage zones. The description here follows that of Sivapalan et al. (1987) . The distribution of the saturated soil store is quantified as the depth to the saturated zone and spatially distributed over the terrain with the use of the wetness index:
X is the areal average value of the wetness index Zi the local depth to the saturated zone. The parameter f describes the exponential decay of the saturated hydraulic conductivity with depth in the soil, but is generally set by calibration. The average depth to saturation, <z>, is updated each time step on the basis of hillslope-wide water balance. Saturation runoff from each of the wetness index strata occurs when Zi 5 0 (higher values of the wetness index). Base flow, qb, from the catchment or hillslope is computed as
where KO is the saturated hydraulic conductivity of the soil at the surface. The canopy submodel, including infiltration and root extraction, is run separately over each wetness index interval. This allows the simulation of drier and wetter parts of the landscape in parallel, with interaction between zones feeding back through the lateral redistribution of saturated-zone soil water. Areally weighted values of average water flux for each hillslope (runoff, baseflow, evapotranspiration, and infiltration recharge) computed over the wetness index distribution are used to update the areal average saturation deficit for each time step. In this respect, the canopy processes are integrated over a timedependent distribution function of available soil water as computed by the coupled model. The shape of the distribution depends on the landscape patterns of topography, soil, and canopy conditions, as well as the landscape average soil-water conditions. The distribution is narrow under very dry or wet conditions, in which case the canopy submodel may predict similar flux values over the entire catchment (depending on other variations of canopy and topographic conditions). Soil-water status has the most variance at intermediate landscape wetness, which leads to the computation of more spatially heterogeneous flux values. Accounting for lateral water redistribution and differential available water and canopy properties in this manner can have significant impact on landscape average carbon and water flux (Band et al. 1993; Band 1993) , especially in the intermediate landscape wetness state.
Because meteorological conditions, canopy cover, and soils may not be stationary across hillslopes of different exposure, the integrated model is run separately for each hillslope comprising the watershed as shown in Fig. 4 . Therefore, the model execution is hierarchically nested as watershed-hillslope-wetness index with the actual processes simulated at the hillslope-to-wetness index scale and aggregated and reported by hillslope and then reported for the full watershed. Each flux or storage computed by the model could also be mapped back to the wetness index interval level within each hillslope. In the current application, however, we report watershed aggregated values.
Model calibration and diagnosis
Model parameters for the TOPMODEL modules are calibrated to observed daily runoff. Two parameters for TOPMODEL, f and &, were calibrated with a simplex method using simulated and observed daily runoff data for catchment 34 for a 2-yr test period. Figure 6 shows the correspondence of observed and simulated daily runoff for the 3-yr period from 1 January 1982 through 1984. Some lack of fit is due to variability in precipitation between the meteorological station and catchment 34 (on opposite sides of Batchawana Mountain), which we have not attempted to adjust, and also to the daily time step that does not resolve storm intensity. In addition, precipitation is set as snow or rain based on mean daily temperature, which causes some error around daily mean temperatures of 0°C. Rather than attempting to adjust these instances for a better fit, we simply recognize the limitations of these simulations with available meteorological data.
As a further check of the simulation system's consistency and performance we have compared observed and predicted values of state and flux variables including longterm forest stand biomass accumulation and snow depletion curves for areas of the TLW correspondence with observations is indicative of the model's internal consistency.
Simulation of watershed hydroecological processes under changed climate
Because RHESSys responds directly to daily meteorological data, the impact of potential climate change can be evaluated by substituting appropriate time series reflecting different scenarios. To an extent this can be done by using historical data for particularly warm and dry years, wet and cold years, etc. However, these data will only show effects of changing distributions of temperature, precipitation, humidity, and radiation. A major effect of greenhouse gas-induced climate change may be a significant adjustment of physiological stomata1 and photosynthetic processes to increased atmospheric CO2 concentrations (Mooney et al. 199 1; Schindler and Bayley 1993) .
We used an experimental design for investigating change scenarios similar to that of Running and Nemani (199 1) by simulating the effects of climatic change in three successive steps: first, adjusting the daily meteorological record with seasonal shifts in temperature and precipitation (Table 1) (the "Clim" scenario in the simulations below); second, a model parameterization to incorporate the physiological response of the canopy to elevated atmospheric CO2 concentrations is added to the Clim scenario (Clim+Phys); third, potential increases in forest cover due to increased temperature, growing season length, and CO2 fertilization are added by increasing LA1 (Clim+ Phys + LAI).
Approximate shifts in seasonal temperature and precipitation are taken from the Intergovernment Panel on Climate Change (IPCC, Mitchell et al. 1990 ) as a standard reference for comparison with other studies. Figure 3 shows the weekly aggregated temperature and precipitation records for Turkey Lakes for 1982-1984 and the stepwise changes made in the above simulations compared to the control run. Year-day is recorded from 1 January 1982. The physiological response of stomata1 conductance to a doubling of ambient COZ concentration is approximated by decreasing the maximum canopy conductance by 30% and increasing the mesophyll conductance by 30% in the second and third steps following Cure and Acock (1986) and Running and Nemani (199 1) . The 30% increase in LA1 is an arbitrary value and is chosen simply to illustrate the direction of change brought about by potential enhanced growth of the forest canopy in response to atmospheric change (both warming and CO, change).
Simulation results
A control simulation for observed conditions between 198 1 and 1984 is first run to generate baseline time series for catchment-aggregated daily runoff volume, evapotranspiration, net canopy photosynthesis, saturation depth in the soil (as used in TOPMODEL, above), and snowpack water equivalent. Deviations from these control runs for each of the above scenarios are then examined to determine the relative impacts on watershed 34 aggregated hydroecological processes. We present the results of the 1982-1984 period (1981 is considered an initialization year), which contain a good range of meteorological conditions. The 1982-1983 water-year (1 October 1982-30 September 1983) was one of the warmest and driest years on record in the TLW, whereas the preceding and following years were more normal to wetter.
Snowpack-The shift in temperature and precipitation patterns in the Clim run results in major changes in the magnitude and timing of snowpack accumulation and snowmelt. Figure 7 shows control snowpack water equivalents and the deviations from the control for the Clim scenarios. The reductions in snowpack compared to the control results from reduced snowfall (increased winter rainfall) and an earlier snowmelt brought about by higher temperatures. There are no direct effects of increased CO2 concentrations on the snowpack, and the increased LA1 scenario has little influence because the area is dominantly deciduous.
Evapotranspiration -Summer evapotranspiration (ET) rates with the Clim shifts increase through all growing seasons compared to the control (Fig. 8) with the exception of short periods of relative decreases in the dry summer of 1983 (between year-day 800 and 1,000). In the Clim+Phys run, this effect is reversed because ET declines through summer following the parameterized stomatal response to increased COZ concentrations; however, these summer reductions are partially offset by the increased length of the growing season, such that spring and fall ET rates are still higher than the control rates. Finally, increasing LA1 by 30% results in summer ET rates closer to the control than is achieved with the Clim+Phys model runs, whereas fall and spring rates approach the former two runs. Net canopy photosynthesis (PSN) -In the Clim scenario the decrease in snowpack depth and duration, coupled with reduced precipitation and increased temperatures in summer, results in an increase in water stress and consequent reduction in canopy carbon assimilation (Fig. 9 ) similar to changes in ET. Seasonal changes in the net carbon flux show an increase after the earlier snowmelt and warmer spring temperatures, followed by summer reduction due to water stress. The Clim+Phys adjustment leads to an increase of carbon assimilation throughout the growing season compared with the control except in the very dry 1983 summer. The Clim + Phys reduction in summer net canopy photosynthesis (PSN) however, is minor compared to the large drop in the Clim run. The final addition of a 30% LA1 increase leads to the greatest increase in carbon assimilation early in each growing season due to increased radiation absorption and canopy conductance and intermediate changes relative to the control due to water stress late in the summer. Runocffproduction -The changes in snowpack dynamics and evapotranspiration are reflected in the patterns of watershed runoff (Fig. 6, middle panel) . Clim model runs show a shift in the snowmelt hydrograph resulting in an earlier rise and fall in runoff that dominates the plot of discharge deviations. The lower panel of Fig. 6 shows more detail of the deviations away from the snowmelt period. For the Clim run, summer baseflow is generally lower and more extended in duration as soil water from the earlier snowmelt is depleted, requiring a greater recharge of soil water in autumn before significant increases of runoff can occur. The Clim+Phys results in increased summer baseflow reflecting the reduction in transpiration. Augmenting the canopy LA1 causes an intermediate response with more moderate declines in baseflow in all years relative to the Clim scenario, because the additional LA1 offsets the changes in stomata1 physiology compared to Clim+Phys. This latter effect is partially due to increased canopy interception of summer precipitation with the higher LA1 and the relative increase of canopy conductance compared to the Clim+Phys run. Summary of annual changes- Figure 10 shows the annual changes in the above variables relative to the control, along with saturation store-water deficit (relative to full profile saturation) and canopy respiration for 1982 (wet year) and 1983 (dry year). An interesting difference between the wet and dry years is the net change in outflow, which represents a balance between increased winter runoff (increased precipitation and higher temperatures) and potential decreases in summer flow (higher ET). This indicates that the impact of potential climate changes can qualitatively shift from year to year in terms of hydrologic flux. Although the simulated long-term average outflow (estimated from the average change in a lo-yr simulation period) decreases for the Clim changes and increases with the Clim+Phys changes, the nonlinear and potentially offsetting effects of meteorological conditions and physiological processes on daily and seasonal water flux can cause divergent response to climate change in different years. The conservation of water brought about by greater stomata1 resistance in summer is offset by the earlier thaw and later freeze, such that climate change effects are sen- sitive to both the magnitude and timing of weather conditions. For the TLW, it seems that normal to wet years ( 1982 and 1984) may show increased outflow as more precipitation falls in the dormant winter period and less in the growing season. This increase is maximized in the Clim+Phys scenario with greater stomata1 resistance but no increase in leaf area. In the warm-dry years, this effect is reversed by offsetting increases in summer ET, even for the Clim+Phys scenario. Finally, PSN shows consistent reductions in all years for the Clim runs, but consistent increases in the latter two runs that incorporate stomata1 adjustment to CO2 concentration.
Discussion
The changes in meteorological data, canopy physiological processes, and forest cover prescribed above represent reasonable, but incomplete change scenarios for evaluating the effects of climate change on watershed processes. Although each numerical experiment was operated as a step change in simulation conditions, a transient response to gradual change may involve other biophysical adjustments and feedback that we cannot account for. Nevertheless, the changes in simulation conditions are consistent with standard approaches to climate change assessment, and the range of scenarios we have investigated with a distributed watershed model is more comprehensive than many evaluations of 2 x CO2 atmospheric concentration evaluations that may not incorporate ecosystem physiological response or a distributed approach. Each of the set of model prescriptions results in a distinct system behavior, and we expect that additional feedback we could incorporate would further add to the variance of results.
With all three prescribed changes to simulation conditions, the model results suggest that in this portion of North America watershed response that is not currently water limited is unlikely to become significantly more water limited in a warmer, CO,-enriched climate. Changes in evapotranspiration, forest productivity, and runoff production simulated by considering only temperature and precipitation changes are moderated or reversed when stomata1 response to CO2 enrichment is considered. The tendency for some increases in summer water stress is not sufficient to offset the enhanced productivity brought about by the longer growing season, reduced temperature limitations, and higher photosynthetic rates.
The model runs indicate that there exists a series of potentially offsetting effects of climate change on runoff production and other watershed processes. Comparing different control years suggests the qualitative response of different processes (e.g. increase or decrease) to climate change will vary in accordance with the relative changes in these offsetting processes that appear to shift with normal interannual weather conditions. This may indicate that long-term average changes in specific hydrologic processes may be more resilient to climate change than previously expected, although carbon assimilation by the canopy in TLW showed consistent year-to-year increases.
We are still quite uncertain about the interaction of biophysical processes active in the watershed at both short and long time scales, so that the simulations run here may be significantly biased. Future work should extend our ability to simulate long-term response of the watershed to gradual change, rather than prescribing step changes to present conditions. This will require incorporation of a more physiologically based method to compute stomatal conductance under conditions of increasing COZ concentrations, as well as methods to better account for nitrogen and other nutrient limitations. Some method of assessing changing probabilities of large-scale disturbance in the watershed, particularly of fire ignition and spread, would be very desirable.
Here, we have reported only the aggregated catchment response in a single headwater catchment. An important advantage of RHESSys is the ability to simulate and report results for multiple, nested catchments, and the spatial variablity of response within each catchment. This ability is an important asset in testing and diagnosing model performance and is being continued for the Turkey Lakes and other watersheds.
